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Pili or fimbriae, which are filamentous structures present on the surface of bacteria, were 28 
purified from a periodontal pathogen, Porphyromonas gingivalis, in 1980s. The protein 29 
component of pili (stalk pilin), which is its major component, was named FimA; it has a 30 
molecular weight of approximately 41 kDa. Since the molecular weight of the pilin is 31 
twice that of pilins from other bacterial pili, the P. gingivalis Fim pili were suggested to 32 
be formed via a novel mechanism. In earlier studies, we reported that the FimA pilin is 33 
secreted on the cell surface as a lipoprotein precursor, and the subsequent N-terminal 34 
processing of the FimA precursor by arginine-specific proteases is necessary for Fim pili 35 
formation. The crystal structures of FimA and its related proteins were determined 36 
recently, which show that Fim pili are formed by a protease-mediated strand-exchange 37 
mechanism. The most recent study conducted by us, wherein we performed cryo-electron 38 
microscopy of the pilus structure, provided evidence in support of this mechanism. As the 39 
P. gingivalis Fim pili are formed through novel transport and assembly mechanisms, such 40 
pili are now designated as type V pili. Surface lipoproteins, including the anchor pilin 41 
FimB of Fim pili that are present on the outer membrane, have been detected in certain 42 
gram-negative bacteria. Here, we describe the assembly mechanisms of pili, including 43 
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those of type V and other pili, as well as the lipoprotein transport mechanisms.     44 
 45 




  50 
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1. INTRODUCTION 51 
 52 
Periodontal disease and dental caries are two leading causes of the loss of teeth 53 
worldwide. Periodontal disease is more commonly known to cause the loss of teeth than 54 
dental caries in people aged 40 years or above in Japan1. With age progression, the 55 
proportion of people with severe symptoms of periodontal disease increases as well and 56 
this tendency is noted approximately till individuals reach 80 years of age 2-3. Chronic 57 
periodontitis is known to be caused by multiple bacteria that inhabit the periodontal 58 
pocket and owing to the consequent immune responses4. Large-scale epidemiological 59 
studies have revealed the bacteria involved in the prevalence of periodontal disease5-7. 60 
. Among periodontopathic bacteria, Porphyromonas gingivalis, Tannerella forsythia, and 61 
Treponema denticola are strongly associated with the onset and progression of chronic 62 
periodontitis and are referred to as the “red complex”8. In particular, P. gingivalis is a 63 
keystone pathogen because even a small population of the pathogen can initiate and 64 
exacerbate chronic periodontitis9. Recently, a dysbiotic microbial community formed as 65 
a result of P. gingivalis infection was reported to mediate periodontitis in a mouse model10.  66 
 As P. gingivalis is unable to use carbohydrates as an energy source, the bacterium 67 
secrete proteases with significant proteolytic ability to use peptides/amino acids as an 68 
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energy source, such as gingipains, and various peptidases, including dipeptidyl peptidases, 69 
to survive in the periodontal pocket where is deeper space around teeth led by periodontal 70 
disease. Gingipains consist of arginine-specific proteases (RgpA and RgpB) and a lysine-71 
specific protease (Kgp). These are C25 family cysteine proteases and degrade or process 72 
host matrix proteins11, immunoglobulins12, and complement factors13, as well as bacterial 73 
surface proteins, including pilins (or fimbrillins) such as FimA and Mfa1 proteins that are 74 
major subunits of Fim and Mfa pili (or fimbriae), respectively14-16.  75 
P. gingivalis forms colonies with black pigmentation on blood agar plates. The 76 
black pigmentation is attributed to the accumulation of μ-oxo-bis heme on the cell 77 
surface17. In particular, Kgp participates in the degradation of hemoglobin, which contains 78 
heme molecules, and accordingly, kgp mutants form unpigmented colonies on blood agar 79 
plates18-20. Using colony pigmentation, we discovered a type IX secretion system (T9SS) 80 
that mediates the secretion of gingipains21-27 and also determined the mechanism by 81 
which gingipains attach to the cell surface, which involves binding with anionic 82 
polysaccharide containing LPS (A-LPS)28-33. In P. gingivalis, the gingipains-A-LPS-pili 83 
triad interacts with one another and is a major contributor to the pathogenicity of the 84 
bacteria34.  85 
Bacterial pili play roles in adherence to host cells or coaggregation with other 86 
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bacterial cells. There are two types of pili with distinct functions: adhesive pili and sex 87 
pili; the latter is involved in the transfer of plasmid DNA from donor cells to recipient 88 
cells in conjugation. Among adhesive pili, chaperone-usher pili, curli, and type IV pili in 89 
gram-negative bacteria and sortase-dependent pili in gram-positive bacteria were reported 90 
before the discovery of type V pili35-36. Most recently, P. gingivalis pili were classified as 91 
a novel type of adhesive pili and designated as type V pili37. The genome of gut 92 
commensal bacteria such as Bacteroides spp. and Prevotella spp. comprises type V pili-93 
related genes. Although there are several aspects of type V pili that remain unknown, we 94 
discuss recent findings pertaining to the biogenesis and structure of type V pili compared 95 
to those of other types of pili. In addition, bacterial lipoproteins are also discussed, as 96 
most pilins that form type V pili are secreted as lipoproteins. 97 
 98 
2 | PREVIOUSLY CHARACTERIZED BACTERIAL PILI  99 
 100 
2.1 | Chaperone-usher pili 101 
Bacteria in Enterobacteriaceae such as Salmonella spp. and Escherichia spp. produce a 102 
variety of adhesive pili, including chaperone-usher pili38-39. Type 1 and P pili are typical 103 
chaperone-usher pili40. They consist of a linear body with 7-nm-diameter known as “rod” 104 
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and a thin, flexible fibril with a small tip that plays an important role in cell attachment41. 105 
Type 1 and P pili are known to be major virulence factors that mediate urinary tract 106 
infections in the bladder, urinary tract, or kidney42. Type 1 and P pili bind to α-D-mannose 107 
and α-D-galactopyranosyl-(1-4)-β-D-galactopyranoside, respectively, present on the 108 
surface of urinary cells of the host. Polymerization that occurs within the usher protein is 109 
mediated by the donor-strand exchange (DSE) mechanism43. Although the major subunit 110 
protein of chaperone-usher pili contains an immunoglobulin-like fold which consists of a 111 
beta-sandwich of seven or more strands in two sheets with a Greek-key topology, it lacks 112 
the seventh β strand, and this leads to the formation of a hydrophobic groove. The 113 
hydrophobic groove of the subunit protein is buried by the G1 strand of chaperone protein 114 
in the periplasm, and this constitutes the donor-strand complementation (DSC) 115 
mechanism44. Subsequently, the binding partner is altered by the zip-in zip-out 116 
mechanism with the N-terminal end of the approaching protein subunit within the usher 117 
protein in the outer membrane, and this constitutes the DSE. Escherichia coli FimA 118 
protein of type 1 pili and PapA protein of P pili were of 18 and 20 kDa, respectively. 119 
Notably, the rod compartment of those pili possesses spring-like properties, such that 120 




2.2 | Curli 123 
Curli are assembled via the nucleation precipitation pathway, which is also known as the 124 
type VIII secretion system45. Curli consist of non-branching, highly aggregative fibers 125 
and possess functional amyloid-like property which can be stained by Congo-red or 126 
Thioflabin T46. Curli consist of CsgA, CsgB, CsgC, CsgD, CsgE, CsgF, and CsgG 127 
proteins. CsgA is a major curli subunit protein and forms a substantial part of amyloid 128 
fibers. CsgB serves as a nucleator that nucleates CsgA subunits to form amyloid fibers. 129 
CsgA and CsgB are structurally similar and both consist of three components: a signal 130 
peptide, an N-terminal segment, and a C-terminal amyloid core domain comprising five 131 
repeating units. CsgC is present in the periplasm and acts as an inhibitor to prevent 132 
naturally forming CsgA polymers. CsgD, which plays a part in the csgDEFG operon, 133 
regulates the expression of the csgBAC operon. Lipoprotein CsgG forms a nonameric 134 
channel in the outer membrane and transports CsgB and CsgA from the periplasm to the 135 
cell surface. CsgE binds to CsgG in the periplasm47, while CsgF binds to the inner surface 136 
of the CsgG channel48. Initially, CsgB interacts with CsgF at the outer membrane and 137 
serves as a nucleator for the CsgA subunits. Subsequently, a secreted soluble CsgA protein 138 
binds to CsgB, self-assembles, and is eventually converted to an amyloid structure. CsgE 139 
captures CsgA and pushes it into the periplasmic chamber of CsgG to enhance its 140 
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translocation efficiency. The soluble CsgB and CsgA proteins usually adopt a diffusion-141 
based, entropy-driven transport mechanism in the CsgG channel47.  142 
 143 
2.3 | Type IV pili 144 
Type IV pili are widely detected in gram-negative, and gram-positive bacteria, and in 145 
archaea; these participate in adhesion, twitching motility, swimming motility, natural 146 
competence for DNA uptake, and phage secretion49-51. Type IV pili include Type IVa, 147 
Type IVb, Tad/Flp, and Com pili, and archaeal flagellum (archaellum). Type IVa pili are 148 
the best type IV pili characterized thus far. In gram-negative bacteria, type IV pili 149 
assembly involves the participation of 10 to 18 distinct proteins that are located in the 150 
inner membrane, periplasm, and outer membrane52. PilA is a major subunit protein of the 151 
type IV pili; it contains a signal sequence and is translocated across the inner membrane 152 
by the Sec apparatus. The signal sequence of PilA is cleaved by a prepilin-specific signal 153 
peptidase to form the mature pilin53. The mature PilA protein has a lollipop-like structure 154 
with an N-terminal helix and a globular domain54. Pilus formation is initiated by the minor 155 
pilin complex that stabilizes the tip of pilus and provides a template for the assembly of 156 
major subunits55. Pilus elongation and retraction are mediated by PilC, and two 157 
antagonistic ATPases, PilB and PilT56-57. The structures and molecular weights of the 158 
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minor pilins are different from those of the major pilin. Minor pilins mediate specific 159 
functions such as DNA binding, aggregation, and adherence55.          160 
 161 
2.4 | Sortase-dependent pili  162 
Among gram-positive bacteria, Actinomyces naeslundii58, Corynebacterium diphteria59, 163 
Enterococcus faecalis60, Streptococcus agalactiae61, Streptococcus pneumoniae62, 164 
Streptococcus pyogenes63, Streptococcus suis64 were observed to contain pili65. Gram-165 
positive bacterial pili are assembled through a sortase-dependent mechanism59. Sortases 166 
are cell surface-associated or -anchored enzymes that cleave the sorting signal sequence 167 
of secreted proteins and form isopeptide bonds between the secreted proteins and 168 
peptidoglycans or polypeptides. The cell wall sorting signal sequence consists of an 169 
LPXTG motif, a hydrophobic domain, and a short tail comprising positively charged 170 
residues66-67. The active site cysteine of the sortase contributes to cleavage of the amide 171 
bond between threonine and glycine of the LPXTG motif and generates a thioester 172 
intermediate. Nucleophilic attack by the amino group within the pentaglycine crossbridge 173 
of lipid II in the cell wall links the C-terminal threonine within the LPXTG motif of the 174 
cell surface protein65. Sortase is classified into classes A, B, C, and D65. Sortase-175 
dependent pili are synthesized by class C sortases and certain class B sortases36. In 176 
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Corynebacterium diphtheriae, the formation of SpaA pili is initiated by isopeptide bond 177 
formation between threonine of SpaC (tip protein) and lysine of SpaA (shaft protein), 178 
following which consecutive SpaA molecules are linked sequentially. The elongation of 179 
the SpaA pili is terminated upon the incorporation of a SpaB (anchor protein) molecule 180 
by the house keeping class A sortase. Eventually, SpaA pili are anchored to the cell wall68.  181 
 182 
3 | TYPE V PILI 183 
 184 
3.1 | Biogenesis of Type V pili 185 
Genes associated with type V pili biogenesis are present in class Bacteroidia37. As P. 186 
gingivalis pili are the best studied type V pili, we describe the biogenesis and structure of 187 
P. gingivalis type V pili. P. gingivalis pili are known to be important virulence factors 188 
that mediate the coaggregation of the pathogen with other microorganisms and the 189 
colonization of host cells69. P. gingivallis contains two types of pili: Fim and Mfa70-73. In 190 
addition, the PGN_1808 protein, which is overexpressed in strain ATCC 33277, can 191 
polymerize in vivo to form pilus-like filaments74. As the PGN_1808 protein contains a 192 
FimA related motif and is matured by gingipain proteases, PGN_1808 presumably 193 
belongs to Type V pili37. Notably, the PGN_1808 polymer is detergent- and heat-labile 194 
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compared to Fim and Mfa pili. The role of PGN_1808 has not been identified in detail. 195 
FimA is a major subunit protein (stalk pilin) in Fim pili and the N-terminal sequence of 196 
FimA purified from Fim pili begins at 47th alanine residue in the FimA amino acid 197 
sequence encoded by the fimA gene, which is preceded by arginine at the 46th position75 198 
(Fig. 1). N-terminal processing of FimA by the arginine-specific gingipain Rgp is 199 
necessary for FimA polymerization because Rgp-deficient cells do not contain pili14. In 200 
1990s, Mfa pili were determined to be the second type of pili. Mfa1 is the major 201 
component of Mfa pili and has a molecular weight of approximately 70 kDa (67-75 202 
kDa)71-73. The Mfa1 protein obtained from the membrane fraction begins with alanine 203 
residue at the 50th position and is preceded by arginine at the 49th position15 (Fig. 1). Both 204 
N-terminal signal sequences of FimA and Mfa1 proteins have a motif resembling the 205 
lipobox that is detected in those of bacterial lipoproteins (Fig. 1). The lipobox-like motif 206 
consists of a cysteine residue and three peripheral amino acids. The thiol group of the 207 
cysteine residue may bind to diacylglycerol. Therefore, we hypothesized that FimA and 208 
Mfa1 pilins might be translocated as lipoproteins from the inner membrane to the outer 209 
membrane. Treatment with globomycin, which is a signal peptidase II inhibitor, labeling 210 
with palmitic acid, and site-specific substitution with amino acid methods demonstrated 211 
that FimA and Mfa1 were secreted at the cell surface as lipoprotein precursors76. After 212 
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the N-terminal region of each pilin is cleaved by Rgp proteases, pilus polymerization 213 
occurs on the cell surface14-15, 76. FimB and Mfa2 function as anchor proteins that 214 
terminate pilus polymerization77-78. Furthermore, FimC, FimD, FimE, Mfa3, Mfa4, and 215 
Mfa5 are accessory proteins that are predicted to be located at the tips of Fim and Mfa 216 
pili79-81. Out of the accessory proteins, Mfa5 is secreted at the outer membrane by T9SS82. 217 
Other accessory proteins, as well as the stalk pilins FimA and Mfa1, are presumably 218 
secreted as lipoproteins and mature upon the cleavage of the N-terminal regions by Rgp 219 
proteases. The fimA, fimB, fimC, fimD, and fimE genes form a gene cluster, while the 220 
mfa1, mfa2, mfa3, mfa4, and mfa5 genes form a separate gene cluster. These two gene 221 
clusters are located at different positions in the P. gingivalis chromosome83-84.  222 
 To elucidate the mechanism underlying pilus polymerization, we determined the 223 
crystal structures of 20 pili-related proteins in class Bacteroidia37. The 20 pilin related 224 
proteins belong to three Pfam families: P_gingi_FimA family (PF03621) which include 225 
structural (e.g., FimA and Mfa1) and tip (e.g., Mfa4) pilins, Mfa2 family (PF08842) 226 
which include anchor proteins such as FimB and Mfa2, and DUF3988 family (PF13149) 227 
whose members contain a domain of unknown function and this family is related to the 228 
other two Pfam families. The FimA protein (FimA4) from P. gingivalis strain W83 229 
consists of two domains, the N-terminal and C-terminal domains. Each domain comprises 230 
15 
 
seven β-strands (A1-A7 and B1-B7, respectively). Notably, an additional typical β-strand 231 
structure (A1'-A2') is present at the C-terminus. In several cases, the additional C-terminal 232 
β-strands were bent inward and were closed by a loop containing an N-terminal Rgp 233 
cleavage site. Conversely, additional C-terminal β-strands of certain pili-related proteins 234 
which were in Mfa2 and DUF3988 families were outside. These findings suggest that 235 
Rgp proteases degrade the loop after the N-terminal A1 β-strand to release the additional 236 
C-terminal β-strands, which leads to the formation of a mature form with a hydrophobic 237 
groove, and later, outward β-strands of the approaching mature FimA proteins embed into 238 
the groove of the former acceptor mature FimA protein, which results in pilus 239 
polymerization. To confirm that the outward C-terminal β-strands are embedded in the 240 
groove, we performed a Cys-Cys cross-linking analysis and observed that the C-terminal 241 
β-strands act as a linker for polymerization37. In addition, the C-terminal β-strands of the 242 
anchor proteins FimB and Mfa2 play a role in determining the length of Fim and Mfa pili 243 
because the anchor pilins do not possess an N-terminal Rgp cleavage site and are 244 
lipoproteins that remain attached to the cell surface. Since the mechanisms underlying the 245 
secretion and pilus formation of P. gingivalis Fim and Mfa pili are different from those of 246 
previously discovered pili, we designated these pili as type V pili37. The main reasons for 247 
the newly defined type V pili are that FimA and Mfa1 are not homologous to other pili 248 
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proteins at the amino acid level and that they are secreted to the cell surface via a 249 
lipoprotein transport system. The crystal structures of Mfa1, Mfa2, Mfa3, and Mfa4 have 250 
been determined85-86. Similar to FimA and FimB, Mfa1 and Mfa2 contain additional C-251 
terminal β strands that function as linkers. In contrast, Mfa3 and Mfa4 do not contain 252 
additional C-terminal β strands. Although both Mfa3 and Mfa4 proteins appear to be 253 
located at the tip, the exact binding mechanism between these proteins and the major pilin 254 
Mfa1 remains unknown. C-terminal peptides of Mfa1 and FimA inhibit the 255 
polymerization of Mfa1 and FimA proteins, respectively87. The construction of more 256 
effective inhibitors of pilus formation that are based on the recently discovered crystal 257 
structures of Fim-related proteins will help prevent the colonization by the periodontal 258 
pathogen. 259 
Recently, we determined the crystal structures of FimA proteins: FimA1 from 260 
strain ATCC 33277 and FimA2 from strain TDC60. The proteins from both strains consist 261 
of two domains, the N-terminal and C-terminal domains with an additional typical β-262 
strand structure (A1') at the C-terminus88 (Fig. 2). In addition, we successfully performed 263 
the in vitro formation of the FimA polymer that is generated by mixing recombinant FimA 264 
protein purified from E. coli with RgpB protease isolated from P. gingivalis. Cryo-265 
electron microscopic observation of the FimA polymer revealed that additional C-266 
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terminal strands of FimA protein are embedded in the groove of a preceding FimA protein, 267 
which indicates the protease-mediated strand-exchange of type V pilus polymerization 268 
(Fig. 3). Immuno-electron microscopy with anti-His tag antibody revealed that the N-269 
terminal His tag of recombinant FimA, which is separated from FimA upon cleavage by 270 
RgpB protease, is detected at one end of the FimA polymer, which suggests that the N-271 
terminal anchor strand of FimA remains embedded in the groove even after RgpB 272 
cleavage88. We found that FimA that lack the last amino acid residue tryptophan at the 273 
383rd position (FimA[∆383]), which cannot polymerize, is located on the cell surface. To 274 
determine whether the N-terminal anchor strand remains associated with the N-terminal 275 
domain of FimA[∆383] post RgpB cleavage, we created FimA[∆383] derivatives with 276 
cysteine pairs in the anchor strand and its neighboring strands after substituting intrinsic 277 
cysteines with alanines. The cross-linking of these mutants with a crosslinking agent, dithio-278 
bis-maleimidoethane, led to an increase in the molecular mass of FimA, which corresponded 279 
to the molecular mass of the anchor strand, and this effect was reversed upon the addition of 280 
β-mercaptoethanol88. These results indicate that pilins are anchored to the cell surface even 281 
after RgpB cleavage, which facilitates a smooth reaction between pilins. We also observed 282 
that the FimA polymer can be generated using a mouse-derived arginine-specific protease 283 
instead of RgpB, which suggests that only the proteolytic function of RgpB is a 284 
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prerequisite for FimA polymerization (Shibata et al., unpublished data) (Fig. 4). 285 
 286 
3.2 | Lipidation of bacterial lipoproteins 287 
As FimA-related proteins such as FimA, FimB, FimC, FimD, Mfa1, Mfa2, Mfa3, and 288 
Mfa4 are secreted by lipoproteins76, here, we discuss the lipoproteins present in bacteria. 289 
Lipoproteins are present in bacteria, archaea, and eukarya. Lipoproteins present in gram-290 
negative and gram-positive bacteria possess a unique feature: they undergo membrane 291 
association, which involves the linking of a diacylglycerol unit thioether with the N-292 
terminal cysteine of the lipoprotein89. Lipidation is mediated by prolipoprotein 293 
diacylglyceryl transferase (Lgt) after translocation across the cytoplasmic membrane 294 
occurs via the Sec or Tat translocation pathway. Next, the lipidated proteins are cleaved 295 
by lipoprotein-specific signal peptidase II (LspA). In E. coli, additional fatty acids are 296 
linked to the N-terminus of the LspA-processed protein by N-acyltransferase (Lnt).        297 
The lgt and lspA genes are essential in gram-negative bacteria and nonessential 298 
in gram-positive bacteria90-92. We also attempted to construct P. gingivalis mutants 299 
lacking lgt and lspA genes. However, attempt has been unsuccessful thus far, which 300 
suggests that these genes play vital roles in the proliferation of P.gingivalis (Shoji et al., 301 
unpublished data). The tri-acylation of lipoproteins is mediated by Lnt in E. coli. Notably, 302 
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lipoprotein intramolecular transacylase (Lit) in gram-positive bacteria was recently found 303 
to be a novel N-acylating enzyme93-94. PG_1828 of P. gingivalis 381 was reported to be 304 
a tri-acylated lipoprotein95. However, we did not detect Lnt or Lit homologs in P. 305 
gingivalis. Further analysis is necessary to determine whether triacylated lipoproteins are 306 
common in other P. gingivalis strains and the enzyme responsible for N-acylation. 307 
 308 
3.3 | Lipoprotein sorting from inner membrane to outer membrane 309 
LolA, a periplasmic protein, was found to be involved in lipoprotein sorting to the outer 310 
membrane in E. coli96 ; LolB, which is located in the inner leaflet of the outer membrane, 311 
was found to act as a receiver for the LolA-carrying lipoprotein97-98.  LolA homologs are 312 
present in various bacteria and more than 3,000 bacterial species contain proteins with 313 
the LolA domain, as revealed in the Pfam family database. In addition, LolA_like 314 
(PF17131) and LolA_2 (PF16584) family proteins were detected in 1,000 and 267 315 
bacterial species, respectively. 316 
 LolA has eleven antiparallel β-sheets and three α-helices, which form an 317 
incomplete β-barrel structure with a lid99. The barrel has a hydrophobic cavity and can 318 
bind the acyl chains of lipoproteins. The lolA gene is essential in E. coli and Pseudomonas 319 
aeruginosa100-101, whereas it is nonessential in Helicobacter pylori102, Flavobacterium 320 
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johnsoniae103, Cellulophaga algicola104, or Xanthomonas campestris pv. campestris105, 321 
as evidenced by the successful generation of respective lolA-deficient mutants. Notably, 322 
in E. coli, both lolA- and lolB- deficient mutants can be generated in the genetic 323 
background with lpp and rcsB mutations and the activating Cpx envelope stress 324 
response106. These results indicate the presence of an alternative LolA-independent 325 
lipoprotein-trafficking mechanism. The P. gingivalis genome does not encode any 326 
homologs of the LolA family (PF03548), as revealed in the Pfam database, although we 327 
detected homologs of the LolA_2 family (PG_1635 in strain W83; PGN_0486 in strain 328 
ATCC 33277) and LolA_like family (PG_1179 in strain W83; PGN_0947 and PGN_1919 329 
in strain ATCC 33277). In strain ATCC 33277, PGN_0947 and PGN_1919 were observed 330 
to be duplicates and were located within two copies of TnPg1784. P. gingivalis W83 and 331 
TDC60 each contain one copy of TnPg17 at the same chromosomal position as that in 332 
PGN_0947 in ATCC 33277. Using strain W83, we generated a mutant that lacks PG_1179 333 
and PG_1635 genes and found that the mutant formed colonies with black-pigmentation 334 
on blood agar plates, similar to those formed by the parental strain W83. Furthermore, the 335 
PG_1179 and PG_1635 double mutant of strain W83 was found to have the ability to 336 
form Fim pili, as revealed by the introduction of the fimA gene of ATCC 33277 into the 337 
mutant and detection of FimA ladder bands indicating FimA polymerization upon 338 
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immune-reaction with anti-ATCC 33277 FimA antibody (Shoji et al., unpublished data).  339 
This indicates that the FimA lipoprotein is translocated to the cell surface through a 340 
lipoprotein secretion pathway without the LolA-related proteins (Shoji et al., unpublished 341 
data). Further analysis is required to elucidate the lipoprotein trafficking mechanism in P. 342 
gingivalis.   343 
  The crystal structure of LolB is considerably similar to that of LolA. The C-344 
terminal loop of LolA is its characteristic trait and can help avoid retrograde localization 345 
of lipoproteins to the inner membrane107. Conversely, leucine at the 68th position present 346 
in the protruding loop of LolB plays an important role in outer membrane targeting108. 347 
LolA (Pfam code PF03548) is particularly conserved in phyla Proteobacteria, and 348 
Bacteroidetes, whereas LolB (Pfam code PF03550) is conserved only in phylum 349 
Proteobacteria109. P. gingivalis and Bacteroidetes spp., among other bacteria from phylum 350 
Bacteroidetes lack LolB homologs, which suggests that the function executed by LolB 351 
are not necessary in these bacteria, or perhaps these bacteria contain a different protein 352 
with the same function as LolB.  353 
 Outer membrane proteins in gram-negative bacteria are synthesized in the 354 
cytoplasm and transported across the inner membrane by the Sec apparatus. Subsequently, 355 
the signal peptide is cleaved by a signal peptidase, and the processed protein is then 356 
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transported by outer membrane transportation systems, such as the β-barrel assembly 357 
machinery (BAM) and the translocation and assembly module (TAM)110. The BAM 358 
complex is known to be an essential component in E. coli. In P. gingivalis, BamA 359 
(PGN_0299) and BamD (PGN_1354) are thought to form the Bam complex. The P. 360 
gingivalis BamA homolog (PGN_0299) is predicted to be an essential component of the 361 
pathogen111-112. TAM consists of TamA and TamB proteins. These proteins are assumed 362 
to transport autotransporter proteins and hydrophobic molecules113. We detected 363 
homologs of TamA (PGN_0147 and PGN_0973) and TamB (PGN_0145 and PGN_0148) 364 
in P. gingivalis. P. gingivalis PGN_0147 and PGN_0973 double mutant formed colonies 365 
with black-pigmentation on blood agar plates, and yet, expressed Fim and Mfa pili, which 366 
suggests that TamA homologs are not involved in lipoprotein transport in the organism 367 
(Shoji et al., unpublished data). 368 
 369 
3.4 | Lipoprotein transport to the cell surface 370 
In gram-negative bacteria, lipoproteins are known to have the following features: (i) 371 
diacylglyceration at a cysteine residue that is located at the end of the N-terminal signal 372 
sequence by the diacylglyceryl transferase, Lgt, (ii) cleavage of the N-terminal signal 373 
sequence by the type II signal peptidase, Lsp, in the inner membrane, and (iii) addition of 374 
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an N-acyl fatty acid to the N-terminal end of the protein by the N-acyltransferase, Lnt, in 375 
the inner membrane. The lipoprotein sorting systems in E. coli are well studied114. E. coli 376 
lipoproteins are translocated from the outer leaflet of the inner membrane to the inner 377 
leaflet of the outer membrane by the lipoprotein sorting machinery. which consists of a 378 
lipoprotein-specific ABC transporter, the LolCDE complex in the inner membrane, and 379 
aforementioned LolA and LolB proteins. Some lipoproteins remain in the inner 380 
membrane because they possess the Lol avoidance signal that has asparagine and 381 
glutamic acid residues in the second (+2) and third (+3) positions after lipidated cysteine. 382 
E. coli has more than 90 lipoproteins. Among them, only RcsF115 and Pal116 proteins are 383 
translocated to the outer leaflet of the outer membrane.  384 
 Conversely, it is noteworthy that Borrelia burgdorferi expresses more than 80 385 
lipoproteins on its cell surface117-118. However, molecules that translocate lipoproteins 386 
across the outer membrane, such as flippase, have not been detected. Zückert’s group 387 
found that the surface lipoproteins contain tether regions that are necessary for 388 
translocation across the outer membrane, which consist of lipidated cysteine and nearly 389 
ten amino acids; however, there are no specific consensus amino acids in the tether 390 
regions119-121. Bacteroides spp. contain starch-degrading surface lipoproteins such as 391 
SusC, SusD, SusE, SusF, and SusG122-124. Lauber et al125 observed that the surface 392 
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lipoproteins of Bacteroides harbor lipidated cysteine with XQKDDE as a consensus motif 393 
for translocation across the outer membrane. The consensus motif is named the 394 
lipoprotein export sequence (LES). The presence of acidic residues such as aspartic acid 395 
and glutamic acid in the LES are particularly important for translocation across the outer 396 
membrane. LES-like motifs are present in the surface lipoproteins of other bacteria such 397 
as Capnocytophaga canimorsus, Flavobacterium johnsoniae, and Bacteroides fragilis. 398 
As mentioned above, P. gingivalis FimA and Mfa1, the major stalk pilins of Fim and Mfa 399 
pili, respectively, are positioned at the cell surface as lipoproteins before the N-terminal 400 
regions of the proteins are cleaved by Rgp proteases76. Anchor and accessory pilins of 401 
Fim and Mfa, except Mfa582, are also secreted as lipoproteins. Fim and Mfa pilins, except 402 
Mfa5, contain LES-like sequences in the N-terminal regions. Fim- and Mfa-related 403 
proteins are widely conserved in Bacteroides spp37. Our preliminary survey on 404 
lipoproteins using LIPO126 and Lipo P1.0127 programs revealed that there are 85 405 
lipoproteins in P. gingivalis. Of these, 67 lipoproteins were predicted by both programs. 406 
Besides the Fim and Mfa proteins, the SusD homolog RagB, IhtB, HmuY, and Omp28 407 
were predicted to be present as surface lipoproteins in P. gingivalis. The lipoproteins are 408 
likely to have an LES because acidic residues are positioned adjacent to cysteine. The 409 
T9SS component proteins, PorK, PorE, and PorW are predicted to be lipoproteins. PorK 410 
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is located in the inner leaflet of the outer membrane128, while the subcellular positions of 411 
PorE and PorW have not been determined. As PorE, PorW, and PorK do not contain LES-412 
like sequences, it is assumed that these are not positioned at the cell surface (Fig. 5).    413 
  Notably, Hooda et al.129 found that an outer membrane protein, Slam, can 414 
translocate lipoproteins to the cell surface in Neisseria spp. Slam possesses an N-terminal 415 
domain that contains tetratricopeptide repeats and a C-terminal β-barrel domain named 416 
DUF560. Slam homologs are present in bacterial species that inhabit in diverse 417 
environments, including free-living, commensal, and pathogenic bacteria such as N. 418 
meningitidis, Vibrio cholerae, Salmonella enterica, and Acinetobacter baumannii; 419 
however, Slam homologs are absent in Borrelia spp., Bacteroides spp.130, and P. 420 
gingivalis.  421 
 422 
4 | CONCLUDING REMARKS 423 
 424 
P. gingivalis is known to be a keystone pathogen that induces the onset and exacerbation 425 
of periodontal disease. Inclusion of P. gingivalis in the periodontal microbiota that 426 
constitutes the periodontal biofilm alters the normal state of the periodontal environment 427 
to a periodontopathic state. Therefore, it is necessary to develop pharmaceutical drugs 428 
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targeting P. gingivalis. Drugs that control pilin transport or pilus formation in the 429 
bacterium are likely to be good candidates, since such drugs can specifically eliminate 430 
the bacterium from the periodontal environment without affecting the normal microbiota 431 
and are distinctly different from previously known antibiotics. 432 
 433 
 434 
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Figure Legends 868 
Fig. 1. N-terminal prosequences of FimA and Mfa1 proteins. 869 
Arginine residues of cleavage sites by Rgp are colored in red. Underlines indicate 870 
lipoprotein box signals.   871 
 872 
Fig. 2. Crystal structure of FimA protein. 873 
 874 
(A) Structure of FimA protein (FimA1) derived from strain ATCC 33277 (Protein Data 875 
Bank accession number: 6JZK), as observed using X-ray crystallography. FimA1 is 876 
composed of the N-terminal domain (NTD) and C-terminal domain (CTD). The arginine-877 
specific cleavage site (R|A, in yellow) is marked by a scissor symbol. Mature protein 878 
begins at 47th alanine residue in the FimA amino acids. The conserved β-sheet core (cyan), 879 
the N-terminal anchor strand (blue), and the C-terminal donor strand (red) are colored. 880 
(B) A topological diagram of a secondary structure of FimA1 color-coded as in (A). 881 
Original figures are from Shibata et al. 75.   882 
 883 




(A) An electron micrograph of negatively stained FimA polymers. A recombinant pro-886 
FimA protein from strain ATCC 33277 was purified from E. coli and treated with RgpB 887 
protease purified from P. gingivalis, and subsequently formed a mixture of monomers 888 
and polymers of FimA. FimA polymers were precipitated using polyethylene glycol. The 889 
FimA polymers were negatively stained with uranyl acetate and imaged using electron 890 
microscopy. (B) Cryo-electron microscopic reconstruction. Single-particle cryo-electron 891 
microscopy analysis revealed the structure of the FimA polymer at the atomic level. The 892 
C-terminal donor strand of FimA acts as a linker sequence. Original figures are from 893 
Shibata et al.75. 894 
 895 
Fig. 4. Transport of Fim pilins and formation of Fim pili. 896 
 897 
The FimA protein (stalk pilin) is initially integrated into the inner membrane by the Sec 898 
apparatus. Signal sequence (orange), lipoprotein export signal (green), N-terminal anchor 899 
strand (blue), main body (cyan), and C-terminal donor strand (red) of FimA are indicated. 900 
The lipid-modified precursor form of FimA is transported from the inner membrane (IM) 901 
to the outer membrane (OM) via a putative ABC transporter and unknown factor(s). The 902 
lipid-modified precursor positioned at the cell surface is then cleaved by arginine-specific 903 
54 
 
proteases (Rgp) that are anchored to anionic lipopolysaccharide containing 904 
lipopolysaccharide (A-LPS) in the outer leaflet of the outer membrane, and subsequently 905 
form a mature FimA that consists of an outward C-terminal donor strand (red) and a 906 
hydrophobic groove partially occupied by the N-terminal anchor strand (blue). The N-907 
terminal anchor strand embedded in the hydrophobic groove is not released immediately 908 
from the FimA main body even after it is cleaved by Rgp and plays a role in anchoring 909 
the FimA main body to the OM. Pilin polymerization is initiated upon the insertion of the 910 
C-terminal donor strand of an approaching FimA into the hydrophobic groove of the 911 
preceding FimA. The N-terminal anchor strand of the preceding FimA is released from 912 
the FimA main body upon the entry of the C-terminal donor strand of FimA. The reaction 913 
occurs continuously until the anchor pilin FimB is incorporated. Pilin polymerization at 914 
the cell surface may be initiated at the tip pilin that lacks the C-terminal donor strand. As 915 
the C-terminal donor strands are needed to form pili, it is unlikely that a tip pilin would 916 
be incorporated into a pilus at the filament tip after pilin polymerization. The stalk pilin 917 
FimA is sufficient for initiating pilus assembly in vivo; this indicates that initiation does 918 
not require a tip pilin, which would otherwise result in the formation of a mixed 919 




Fig. 5. Lipoprotein export sequence in Porphyromonas gingivalis. 922 
 923 
(A) The N-terminal lipid-modified cysteine and the subsequent amino acids of P. 924 
gingivalis lipoproteins. The lipoproteins are classified based on their locations (outer 925 
leaflet of the outer membrane, inner leaflet of the outer membrane, and unknown). (B) 926 
Consensus lipoprotein export signals in surface lipoproteins of Capnocytophaga 927 
canimorsus, Flavobacterium johnsoniae, and Bacteroides fragilis. Acidic amino acids 928 
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